Aim Montane regions like the Sino-Himalayas constitute global diversity hotspots. Various mechanisms such as in situ adaptive divergence, speciation following immigration or allopatric diversification in complex landscapes have been proposed to account for the exceptional diversity found in a particular clade in a montane setting. We investigated macroevolutionary patterns to test these different hypotheses in the continental radiation of a Sino-Himalayan bird group, the parrotbills (Paradoxornithidae).
INTRODUCTION
Mountain ranges harbour exceptionally high levels of biodiversity and often constitute hotspots of species endemism, especially in tropical and subtropical regions (e.g. Myers et al., 2000) . Various evolutionary and ecological processes have been proposed to explain such exceptional diversity. Montane regions not only provide many opportunities for geographical isolation followed by allopatric speciation (e.g. sister species occurring at the same elevations on different mountain tops), but also present ample possibilities for adaptive diversification ('in situ diversification hypothesis') along altitudinal gradients (Doebeli & Dieckmann, 2003; Korner, 2007) . In addition, the immigration of pre-adapted lineages with subsequent speciation ('immigration hypothesis') within a mountain range has often been found to be an important driver of diversification in montane species assemblages (Johansson et al., 2007; Price et al., 2014) .
These different processes of species accumulation are, however, not always mutually exclusive, and may occur simultaneously or subsequently in a group of organisms. Moreover, independent of the process involved, both abiotic and biotic factors, such as climate, topography and interspecific competition and their interactions, as well as geometric constraints, influence montane species richness patterns (e.g. Colwell et al., 2004; Wu et al., 2013; Srinivasan et al., 2014; Hughes & Atchison, 2015) . Therefore, disentangling different historical processes and assessing the relative importance of drivers shaping diversity patterns is of primary importance in understanding the underlying mechanisms of global mountain biodiversity.
One major montane hotspot for global biodiversity is located in the Sino-Himalayan region, i.e. the Himalayas and the adjacent sub-Himalayan region of Indo-Burma as well as the south-western and central Chinese mountain ranges (hereafter, Himalayan/SW/C Chinese mountains) (Myers et al., 2000; P€ ackert et al., 2012; Lei et al., 2015) . Studies on the diversification of species-rich clades in this region, based on molecular phylogenies have revealed incongruent patterns, which might at least partly be the result of the different ecological requirements of the groups studied (Favre et al., 2015) . In situ diversification triggered by habitat fragmentation and climate oscillation associated with the uplift of the Qinghai-Tibetan Plateau, for instance, have been suggested for several groups of plants (e.g. Wen et al., 2014; Zhang et al., 2014) and insects (e.g. Condamine et al., 2012; Schmidt et al., 2012) . Similarly, the high diversity of bird species in the SW/C Chinese mountains has been suggested to be the result of in situ diversification in an area of high topographic complexity and long-term environmental stability (Wu et al., 2013; Qu et al., 2014; Lei et al., 2015) .
In contrast, in situ divergence and speciation along altitudinal gradients seem to have been of little importance in some clades of birds. Indeed, comprehensive studies on two passerine groups, namely Old World leaf warblers (Phylloscopidae) and the superfamily Corvoidea, as well as on a complete songbird (Passeriformes) community of the East Himalayas demonstrated that the diversity in the Himalayas was largely caused by immigration, especially from central China and Southeast Asia, and that the evolution of body size and foraging modes preceded the establishment of altitudinal range differences (Johansson et al., 2007; Kennedy et al., 2012; Price et al., 2014) . Elevation parapatry seems to have been largely caused by the immigration of boreal avifaunal elements from the north-east, whereas relatively few (sub)tropical species adapted successfully to temperate habitats (P€ ackert et al., 2012) . Although ecological opportunity generated by mountain orogenesis and associated climate and habitat changes facilitated immigration and hence species build-up in the Himalayas, it did not directly drive speciation as in classical models of adaptive radiation (cf. Johansson et al., 2007) .
Such contrasting results illustrate the complexity of the build-up of Sino-Himalayan biota. To obtain a broader picture of the relevant mechanisms and processes, more comparative studies are needed using integrative approaches combining species' evolutionary histories with ecological traits and niche characteristics (cf. Hughes & Atchison, 2015) . A particularly conspicuous group to study in this respect are the parrotbills (Paradoxornithidae), a passerine family of the Sino-Himalayan regions comprising around 20 species (Robson, 2007) . The monophyly of this group was recently corroborated by a comprehensive molecular phylogenetic study, although the position of the Nearctic wrentit Chamaea fasciata was controversial (Moyle, 2005) . Parrotbills have the highest diversity in the East Himalayas and SW/C Chinese mountains, with up to 12 species in central Sichuan (Fig. 1 , Robson, 2007) , but their distribution extends to the northern part of Indo-Burma in the south and the Palaearctic region of East Asia in the north. The different species occur in a variety of habitats, ranging from bamboo scrubs, reed-beds and grasslands to broadleaf and coniferous forests; the clade comprises high-altitude specialists (up to 3500 m) as well as mid and low elevation species, and small-range endemics as well as species with a wide distribution area (Robson, 2007) . Parrotbills share a parrot-like thick and sturdy bill, however, the exact shape and particular size of the bill vary among species. Importantly, they also vary considerably in body size (Robson, 2007) , and as both bill shape and body size are functional traits well known to be under adaptive selection in other bird groups (Grant & Grant, 2002) , parrotbills are likely candidates for ecological adaptations in montane regions. As an indicative example, bill-size is significantly correlated with trophic niche width in the generalist vinous-throated parrotbill (Paradoxornis webbianus) (Hsu et al., 2014) . Overall, this diverse morphology in combination with complex distribution patterns and habitat variation suggest that the different parrotbill species have adapted to a broad array of ecological niches, which makes them ideal for investigating drivers of diversification in a montane setting.
Here, we aim at contrasting two alternative scenarios to explain the pattern of species richness of parrotbills in the Himalayas and central Chinese mountains. In the first scenario, immigration followed by subsequent allopatric diversification is assumed to be the major driver for the pattern of diversity in this region, as has been found for several bird taxa and in an entire bird community in the Himalayas (Johansson et al., 2007; Kennedy et al., 2012; P€ ackert et al., 2012; Price et al., 2014) . In this scenario, we expect that the sister taxa of Himalayan and central Chinese species occur outside these mountain systems. In other words, adaptive divergence is expected to have occurred outside the Himalayan/central Chinese hotspot. Immigration into this region might then have been facilitated by ecological opportunity generated by documented climate change 6-10 million years ago (Ma) (cf. Johansson et al., 2007; Price, 2008) . As a consequence, ecological differences and associated morphological adaptations would have evolved early in the clade's history and would be partitioned between rather than within subclades, and sister species would merely be ecological replacements of each other.
In the alternative scenario, the diversity of parrotbills in the Himalayan/SW/C Chinese mountain hotspot is the result of in situ diversification. This could either have been the result of allopatric speciation across barriers caused by complex topography or by adaptive divergence, especially along altitudinal gradients, and their associated environmental parameters (reviewed in Favre et al., 2015) . In the latter case, ecological and associated morphological differentiations are expected to have occurred within subclade radiations endemic to different mountain regions. Thus, sister species co-occurring in the same region should differ substantially in ecology and morphology. Variation in these parameters is consequently expected within rather than among subclades. If, on the other hand, allopatric speciation due to complex topography was the main driver of in situ diversification, we would expect sister species occurring in the same region to be morphologically and ecologically similar, with most variation found between rather than within subclades.
To test these alternative scenarios, we used phylogenetic comparative methods based on a time-calibrated multilocus molecular phylogeny and comprehensive morphological data in combination with ecological niche analyses and a biogeographical reconstruction of diversification events.
MATERIALS AND METHODS

Phylogenetic analyses
To infer a species tree, we used the multispecies coalescent algorithm *beast as implemented in beast 1.7.5 (Drummond & Rambaut, 2007; Heled & Drummond, 2010) based on two mitochondrial genes, two autosomal nuclear markers and one Z-linked marker from 18 of 20 extant species retrieved from Yeung et al. (2011) , implementing published substitution rates for calibration (see Appendix S1, Table S1 in Supporting Information).
Lineage diversification
The R packages 'Laser' 2.4.1 (Rabosky, 2006b) , 'Geiger' 2.0.1 (Harmon et al., 2008) and 'Phytools' 0.9-93 (Revell, 2012) were used for all comparative data modelling. Temporal variation in diversification rates within parrotbills was visualized with semi-logarithmic lineage-through-time plots. We tested whether diversification rates have changed over time, fitting different likelihood models for diversification rates on the maximum clade credibility species tree from the *beast analyses and comparing their Akaike's information criterion (AIC) scores (Rabosky, 2006a; Rabosky & Lovette, 2008 ) (see Appendix S1). An increase in model fit was generally considered to be significant when the reduction in AIC score in a more complex model was ≥ 2 (Burnham & Anderson, 2002) . 
Morphological evolution
We measured the length from bill to skull, defined as the distance from the angle at the front of the skull to the tip (BSk), bill width at feathering and bill depth at the highest point of the bill (Bmax), as well as tail and tarsus length from museum specimens of several individuals and subspecies per species (see Table S2 ). Morphological data were gathered for all species for which genetic data were available except Paradoxornis flavirostris. Natural-log (ln) transformed mean trait values were then used for further analyses.
The multivariate ration analysis of Baur & Leuenberger (2011) was used to obtain an overall measure of size (isosize) for each taxon and size-independent principal components in terms of ratios. The 'PCA ratio spectrum' and 'allometry ratio spectrum' (Baur & Leuenberger, 2011) were applied to interpret the principal components in shape space (shape PC1 and shape PC2).
Mean subclade disparity-through-time (DTT) (Harmon et al., 2003) was then calculated for isosize as well as for shape PC1 and shape PC2, using average squared Euclidean distances among species traits and the species tree. Observed values were compared with a null distribution from 10,000 simulations of Brownian motion trait evolution over our species tree. The area between the DTT plot for the data and the mean of the simulations (MDI, morphological disparity index) were calculated. Moreover, we calculated the MDI value between each simulation of trait evolution under a Brownian motion process and our own data and then determined the proportion of cases with an MDI value greater/smaller than or equal to zero (cf. Slater et al., 2010) .
We additionally fitted six likelihood models of continuous morphological evolution to our data and compared their AIC scores, based on the species tree (Table 1 ; see Appendix S1).
Biogeographical reconstruction
The R package 'BioGeoBears' 0.2.1 (Matzke, 2013b) was used for biogeographic reconstruction based on the species tree. According to their current distribution, species were assigned to one or more of the following biogeographical regions: Himalayas, SW/C Chinese mountains, Indo-Burma, East Asia. The Mekong-Salween divide was used as the border between Himalayas and SW/C Chinese mountains and the southern provinces of China north to the Yangtze were treated as part of Indo-Burmese region (cf. Johansson et al., 2007; Li et al., 2011; P€ ackert et al., 2012) . Our definition of the SW/C Chinese mountains basically included the Southwest Mountain Region and the western and northern part of Central China defined by Qu et al. (2014) . The maximum range size was set to three, as no extant species occurs in more than three biogeographical regions. Dispersal was restricted to adjacent areas. We compared the following six models of biogeographical reconstruction in the BM, Brownian motion; OU, Ornstein-Uhlenbeck; TDL, time-dependent linear model with linear rate change through time; EB, time-dependent early-burst model with exponential rate change through time; DDL, diversity-dependent linear model with rate changing linearly with changing species diversity; DDX, diversity-dependent linear model with rate changing exponentially with changing species diversity. Beta, rate of morphological evolution at the basal node of the phylogeny; alpha, bounding parameter for the OU models; b, slope in the TDL and DDL model; r, parameter in the EB and DDX models. Figure 3 Evolution of shape PCs and isosize along lineages (top) and disparity-through-time (DTT) plot for shape PCs, isosize and mid-point elevation (bottom) of parrotbills. Species trees are shown with colours of branches indicating reconstructed evolution of the three morphological parameters along lineages. Bars at tips are proportional to parameter values of extant species. In the DTT plot, the solid line indicates the mean subclade DTT based on the species tree, while the dashed line represents the median expected subclade disparity derived from 10,000 simulations under Brownian motion evolution. The area shaded in grey indicates the 95% range for the simulated data.
likelihood framework, as implemented in 'BioGeoBears': dispersal-extinction cladogenesis model (DEC) (Ree et al., 2005) , dispersal-vicariance analysis (DIVA) (Ronquist, 1997 ) and the BayArea model (Landis et al., 2013) , plus all three models separately under the possibility of founder events (+J) (Matzke, 2013a (Matzke, , 2014 . The fit for the different models was assessed using the AIC scores.
Ecological niche modelling and niche overlaps and equivalency
We carried out ecological niche modelling (ENM) using Maxent 3.3.3k (Phillips & Dudik, 2008; Hu & Liu, 2014) based on 19 bioclimatic variables and occurrence data from different sources (see Appendix S2).
To evaluate the niche overlap between species, we calculated two indices, i.e. Schoener's D and I (Warren et al., 2008) for each species pair. These values measured the similarity of projected suitability for each grid cell of the study area and ranged from 0 (no niche overlap) to 1 (complete overlap). We tested the null hypothesis of niche identity in ENMTools 1.3 (Warren et al., 2008 (Warren et al., , 2010 .
Reconstruction of predicted niche occupancy and disparity in a phylogenetic context
The potential distributions of each species derived from the ENMs were combined in order to assess the evolution of climatic niches among species, using the R package 'Phyloclim' (Heibl & Calenge, 2013) . Following the approach of Evans et al. (2009) , we computed predicted niche occupancy (PNO) profiles. The occurrence probability of each species in each grid cell of the study area from the Maxent model was combined with the corresponding scores of the original bioclimatic variables to create a vector of probabilities per binned score (100 intervals).
To reconstruct the evolution of predicted niche occupancy, the maximum likelihood estimate of the bioclimatic variables at each of the internal nodes of the species tree was assessed under the assumption of Brownian motion evolution (Evans et al., 2009 ). This process was repeated using 100 random samples on the basis of niche occupancy profiles for each of the extant taxa.
We used the mean predicted climate occupancy for each species and each bioclimatic variable to calculate mean subclade DTT, using squared Euclidean distances among species and the species tree as described above for morphology. Mean subclade DTT was also calculated for mid-point elevation.
Finally, we used Schoener's D and I to test for phylogenetic signals in patterns of niche overlap, using an age-range correlation (Fitzpatrick & Turelli, 2006) . The significance of the correlation was assessed via 10,000 Monte Carlo simulations by random permutations with the niche-overlap matrix to estimate the distribution of slope and intercept based on the null hypothesis of no phylogenetic signal.
RESULTS
Phylogenetic relationships
The species tree revealed basically three clades: clade 1, consisting of small-sized species with complex head patterns; clade 2, chiefly comprising small species with a uniform colour pattern; clade 3, consisting of large-sized species (Fig. 2) . All clades were robustly supported with posterior probabilities > 0.95, with the exception of the sister group relationship between clades 1 and 2, which had a posterior probability of 0.81. The tree topology was overall congruent with the results of Yeung et al. (2011) .
The diversification of parrotbills started c. 12 Ma, with the three clades emerging c. 9-8 Ma. Most speciation events occurred c. 8-5 Ma.
Lineage diversification
We found no strong indication for a major shift in diversification rates in parrotbills (see Appendix S1, Table S3 ). As simulations suggested considerable power to detect rate shifts in trees of the size relevant here (18 tips) when changes in rate were at least 10-fold (see Fig. S1 ), we concluded that diversification rates were either constant or have changed only subtly over the course of evolution in this group.
Morphological evolution
Subclade disparity for isosize was significantly lower than expected under Brownian motion, with an MDI of À0.258 (P = 0; Fig. 3 ). Different size classes were partitioned early among the different clades, with clade 1 and 2 consisting of small species except for P. atrosuperciliaris in clade 2, and clade 3 consisting of the larger species. In accordance with this result, a time-dependent early-burst model was found to be the best-fitting model of continuous evolution for isosize (Table 1) , although, it was only significantly different from Brownian motion evolution when considering DAIC, but not for DAICc.
Shape PC1 was dominated by the ratio of tail length and depth of bill (see Figs S2 & S3) . Subclade disparity was high at the beginning, influenced by the short-tailed taxon P. davidianus, followed by lower values and, again, values clearly above the expected values under Brownian motion (dashed line) from c. 5 Ma onwards. It was consequently overall significantly higher than expected under Brownian motion, with an MDI of 0.132 (P = 0.009). According to the reconstruction of morphological evolution along lineages, differentiation in shape PC1 occurred mainly between 7 and 4 Ma (Fig. 3) . A diversity-dependent linear model was found to be the best-fitting model of continuous evolution for shape PC1 (Table 1) , however, it was not significantly different from Brownian motion evolution. Shape PC2 was dominated by the ratio of width of bill and length of bill (see Figs S2 & S3) . Subclade disparity was significantly lower than expected under Brownian motion, with an MDI of À0.180 (P = 0.0001; Fig. 3 ). Different bill shapes were thus partitioned early among subclades. Nonetheless, Brownian motion was found to be the best-fitting model of continuous trait evolution (Table 1) .
Biogeographical reconstruction
A DEC was found to be the best-fitting model (Table 2) . Ancestral areas and area splits could not be inferred for all nodes with high probability (Fig. 3) . While no ancestral area or area combination could be revealed with high probability for the ancestral node, the origin of clade 1 most probably was Indo-Burma, while the radiation of C. aemodium, P. unicolor and P. paradoxus mostly took place in the SW/C Chinese mountains, with subsequent colonization of the Himalayas in two of the tip taxa. After the split of P. atrosuperciliaris, the radiation in the remaining taxa of clade 2 also happened in the SW/C Chinese mountains, with colonization of all other regions by the tip taxa. The only split in tip taxa that was restricted to a single biogeographical region was between P. zappeyi and P. conspicillatus in the SW/C Chinese mountains (Fig. 3) .
Ecological niche modelling, niche overlap and equivalency
We assessed the discrimination abilities of the ENMs by computing the area under the receiver operating characteristic curve (AUC) (details in Appendix S2). Across all parrotbill species, the average values of training (70% of the occurrences for model training) and testing (the remaining 30% data for testing the resulting models) AUC ranged between 0.82 and 0.99, indicating enough discrimination abilities (see Fig. S4 ). Visual comparisons of the ENMs showed strong species-level variations, mostly in accordance with the available maps of species-specific distributions (see Fig. S5 ).
In total, 84 out of 136 comparisons (61.8%) between taxa resulted in D being smaller than the threshold of 0.4 defined by R€ odder & Engler (2011) . The high overlap values (e.g. D > 0.6) were observed in only 11 pairs (6.7%; Table 3 ). Further, the niche equivalency hypothesis was rejected for 229 out of 272 species comparisons (84.2%; P < 0.05; see Table 3 ), indicating that niches of species pairs were significantly distinct in most cases. We detected no significant phylogenetic signal for either I or D when applying the age-range correlation.
The reconstruction of niche occupancy through time revealed overlapping internal nodes, indicating convergent climatic origins, especially for annual mean temperature, temperature seasonality, annual precipitation and precipitation seasonality (Fig. 4) . Crossing branches for all variables indicated that convergent climatic niche evolution among clades was prevalent throughout parrotbill radiation and some sister taxa displayed clear differences for some variables.
Table 3
Niche overlap between parrotbill species and results of the niche-identity test. Summary of values of I are given above the diagonal, while values of D are indicated below the diagonal. Species are grouped by clades identified through the phylogenetic analysis outlined in Fig. 2 . Values in bold highlight the observed niche-overlap values, which were not significantly different from the pseudo-replicated null distributions in niche-identity tests (t-test, P > 0.05). Accordingly, subclade disparity was usually higher than expected under Brownian motion for all climate variables and increased towards the present for all variables except for annual mean temperature and annual precipitation (Fig. 5) . Consequently, MDIs were positive for all climate variables. For mid-point elevation, disparity within subclades was found to be higher than among subclades throughout the radiation of parrotbills (Fig. 3) .
DISCUSSION
Spatio-temporal diversification patterns
The diversification of parrotbills falls within a time span of increased regional orogenesis and associated strong climate change. Although the uplift in the Himalayan region began as early as 50 Ma, significant orogenesis occurred from 10 to Figure 4 History of the evolution of predicted climate niche for the seven bioclimatic variables and each species based on the species tree of parrotbills. This process was repeated using 100 random samples on the basis of niche occupancy profiles for each extant taxa. The vertical dashed line indicates the 80% central density of climate tolerance and the mean is indicated by a point. Different colours refer to different clades. Temperature data are in°C * 10.
8 Ma and even more recently (Zhisheng et al., 2001) . Major climate shift occurred between 10-6 Ma in association with the onset of the Indian and East Asian monsoon (Johansson et al., 2007; Price et al., 2014) . In the SW/C Chinese mountains (e.g. Hengduan mountains and mountains around the Sichuan Basin) intensive tectonic activities and environmental changes then followed at the Mio-Pliocene boundary (Song et al., 2009; Qu et al., 2014; Wu et al., 2014) .
Ecological competition for resources, geographical aspects or failure to keep pace with a changing environment might limit diversification (Moen & Morlon, 2014) , which is apparently the case when considering whole communities or larger clades of birds in the Himalayas or part of this mountain range (Kennedy et al., 2012; Price et al., 2014) . As we found no evidence for a slowdown in diversification, however, such processes seem not to be prevalent in clades such as the parrotbills, whose distribution areas span larger areas such as continents or several biogeographical (sub)regions. In congruence, no slowdown in diversification rate was detected in continental bird radiations in the Neotropics (Derryberry et al., 2011; Schweizer et al., 2014) .
The SW/C Chinese Mountain system was revealed to be the centre of diversification and source for the colonization into the remaining biogeographical regions for at least two clades (within clades 2 and 3; Fig. 2 ). These radiations started in the late Miocene and resulted in more than half of the current parrotbill species richness (10 out of 18 species). The SW/C Chinese Mountain system is characterized by high local species replacement and high beta diversity . This striking pattern is thought to be the result of both evolutionary and ecological isolation due to highly diversified habitats and subregional geographical isolation due to complex topography Qu et al., 2015) . The only speciation event among terminal taxa within a single region also occurred in the SW/C Chinese Mountain system and concerned P. conspicillatus and P. zappeyi. The timeframe of their split comprised the early Pleistocene glaciation period. During this period, glaciers, which were restricted to high altitudes in the central Chinese mountains, acted as dispersal barriers between the remaining stable habitats at lower elevations, leading to local isolation . P. conspicillatus and P. zappeyi display no clear climate niche differences, but might show some ecological differentiation, with P. zappeyi being restricted to open forests and scrub patches on exposed peaks and ridges near mountain tops (Robson, 2007) . Both are similar in size and shape PC2, but differ slightly in shape PC1 (see above). Nonetheless, we have no indication that parapatric speciation along an altitudinal gradient played a role.
On the other hand, we found no indication that the Himalayas were a centre of diversification or in situ speciation. The high diversity especially found in the Eastern Himalayas is thus the result of dispersal from either SW/C China or Indo-Burma into that region with or without subsequent speciation. This is consistent with the results of other studies, which revealed that the Himalayan avifaunal species assemblage is chiefly the result of immigration with virtually no in situ speciation (Johansson et al., 2007; P€ ackert et al., 2012; Price et al., 2014) . The only species whose distribution is restricted to the Himalayan region is P. flavirostris. This species is a specialist of grasslands in floodplains and not a montane species (Robson, 2007) . The East Himalayas are most species-rich, with declining richness towards the west, reflecting a commonly found pattern in birds and mammals (e.g. Price et al., 2011; Srinivasan et al., 2014) . Unlike the SW/C Chinese Mountains, most of the Himalayas were covered by ice or dominated by alpine vegetation during the Pleistocene. The Eastern Himalayas, however, remained vegetated and might have acted as a refuge for many taxa during glacial maxima (cf. Srinivasan et al., 2014) . Most of the colonization events of the Himalayas in parrotbills seem to have happened before the Pleistocene. Their distribution might have been restricted to suitable habitat in the east of the mountain chain during glacial periods from where a subset of species could have extended their ranges towards the west when more favourable conditions were prevalent. However, this hypothesis can only be tested formally in further studies using population level sampling.
Morphological diversification
We found an indication that the evolution of size in parrotbills was rapid early in their evolution, followed by a slowdown. Climate change in combination with ongoing orogenesis was prevalent in the early diversification of parrotbills (see above) and might have generated ecological opportunities that promoted ecological diversification in terms of niche dimensions for which body size matters. A similar pattern was found in another continental bird radiation (Schweizer et al., 2014) , but also in the vangas (Vangidae) endemic to Madagascar (Jønsson et al., 2012) and in several other bird lineages (Harmon et al., 2010) , which mirrors a pattern expected in a classical adaptive radiation process (Harmon et al., 2003) .
Bill shape is a strong predictor for feeding specializations in birds (Grant & Grant, 2002) and slenderness of bill might be a proxy for trophic characters of food in P. webbianus (Hsu et al., 2014) . Especially shape PC2, but also shape PC1, were found to be influenced by bill measurements. Only for shape PC2, did we find an indication that its evolution slowed down through time. This suggests that although bill shape evolution and corresponding ecological specialization might have experienced a burst in the early phase of parrotbill radiation, it continued throughout their diversification, leading to further ecological differentiations within size classes.
Climate niches
When inferring climate niche divergence between parrotbills, we found strong inter-specific variation in potential climatic niches, with few species pairs holding high overlap values. Accordingly, we also rejected the hypothesis that species pairs were distributed in identical climate niches by means of niche-identity tests in most cases. This is congruent with the expectation that closely related species are generally not identical in their extant climate niches (Warren et al., 2014) , and can be interpreted as evidence for niche divergence across extant parrotbill species. In general, sister species seem to occupy rather different climate niches, although some might also be similar for some bioclimatic variables. In agreement with this, it was recently shown that even the most recently diverged species of Paradoxornithidae, P. webbianus and P. alphosianus, occupy different climate niches (Shaner et al., 2015) .
Moreover, climate niche evolution seems to have occurred throughout the radiation of parrotbills and hence we have no indication for the prevalence of climate niche conservatism. It is difficult to discuss these results in a comparative way, as studies on the evolution of climate niche tolerances in continental radiations of birds are scarce. Similar to our results, however, a tendency towards divergent climate niche evolution within clades and convergent evolutions among clades was revealed in South and South-East Asian Pomatorhinus scimitar babblers (Nyari & Reddy, 2013) .
In parrotbills, the lack of climate conservatism might be a consequence of ecological opportunities generated by climate and associated habitat change throughout their radiation. To be able to survive through major climate changes, different species might have survived in suitable microclimatic pockets (cf. Hof et al., 2011) . This might be the case for small-range endemics in the SW Chinese mountain systems such as P. zappeyi, P. brunneus or P. conspicillatus. However, a broad climatic tolerance might also have resulted in a similar pattern and have facilitated parrotbills in coping with ongoing climate change. Some parrotbill species are indeed known to have rather broad realized niches, with, for example, P. webbianus being a diet and habitat generalist occurring from sea level to c. 2600 m (Robson, 2007; Hsu et al., 2014) .
CONCLUSIONS
Although the Himalayas and the adjacent sub-Himalayan region of Indo-Burma as well as the south-western and central Chinese mountain ranges harbour a high level of avian diversity, few studies have used phylogenetic comparative methods to test alternative hypotheses for the observed diversity patterns. To our knowledge, this is the first comprehensive study to use a comparative analytical framework integrating phylogenetic, biogeographical, morphological and climate niche data to infer macroevolutionary patterns in a continental radiation of birds. We found that speciation in parrotbills occurred over a rather large time period; hence, different processes, such as in situ diversification and speciation following immigration, have seemingly played a role. Evidence for continuous morphological evolution corresponding to ecological specialization and for a lack of climate niche conservatism might be interpreted as the consequence of ongoing climate-and habitat-induced ecological opportunities. Collectively, this study demonstrates the influence of multiple drivers of diversification in a single group due to the dynamic geological and palaeoclimatic history of the Sino-Himalayan region, and illustrates the complex nature of continental radiations.
